Introduction
============

A key effector response from platelets is exocytosis of their alpha, dense and lysosomal granules. Alpha granules are the most abundant, and contain soluble molecules and receptors that propagate platelet activation and aggregation.^[@b1-1031235]^ Dense granules are secreted at a faster rate and store ADP, an autocrine agonist for platelet activation.^[@b2-1031235]^ Lysosomal granules contain membrane-associated proteins and acid-hydrolases, and may contribute to thrombus remodeling.^[@b3-1031235]^

During exocytosis, the membrane of a platelet granule fuses with the plasma membrane. This requires the formation of a SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) complex by proteins localized on both membranes.^[@b4-1031235]^ Prior to fusion, granules are brought close to the plasma membrane by tethering and docking processes, but this proximity is not sufficient to drive fusion, it also requires priming.^[@b5-1031235]^ Fundamental to priming is the interaction of Munc (mammalian homolog of *C. elegans* uncoordinated gene) 13 with Munc18, which allows Syntaxin to interact with the other exocytic SNARE proteins.^[@b6-1031235]^ Among the four paralogs of Munc13, only Munc13-4 has been studied in mouse platelets.^[@b7-1031235]^ Different groups have agreed that deletion of Munc13-4 inhibits primarily dense granule release,^[@b8-1031235],[@b9-1031235]^ which may affect alpha granule exocytosis^[@b9-1031235],[@b10-1031235]^ or integrin α~IIb~β~3~ activation^[@b11-1031235]^ depending on experimental variables.^[@b12-1031235]^ In addition, global deficiency of Munc13-4 affects hemostasis, probably due to defective platelet exocytosis,^[@b10-1031235],[@b11-1031235],[@b13-1031235]^ a difficult conclusion to reach because Munc13-4 is also expressed in other tissues important for hemostasis (e.g. endothelial cells).^[@b14-1031235]^ In humans, mutations in the gene encoding Munc13-4 cause familial hemophagocytic lymphohistiocytosis type 3 (FHL3), an autosomal recessive disorder characterized by defective secretion in cytotoxic T lymphocytes and natural killer cells, multisystemic inflammation, and organ infiltration by CD8^+^ T cells and macrophages.^[@b15-1031235]^ Platelets from FHL3 patients present defective degranulation,^[@b16-1031235]^ and bleeding diathesis has been reported in some patients with FHL3.^[@b17-1031235]^

There is mounting evidence that platelets participate in inflammation, including allergic airway disease.^[@b18-1031235]^ Patients with asthma have lower platelet counts^[@b19-1031235]^ and increased levels of markers of platelet activation^[@b20-1031235]^ after allergen exposure. Platelets have been found extravascularly in the airways,^[@b21-1031235]^ and platelet products have been measured in bronchoalveolar lavage (BAL) fluid of asthmatic patients.^[@b22-1031235]^ This suggests that platelets migrate to the lungs during asthma, which has been experimentally confirmed in mice.^[@b23-1031235]^ In animal models of asthma, platelet depletion has been shown to decrease the number of leukocytes infiltrating the airways^[@b24-1031235]^ and bronchoconstriction induced by allergen.^[@b25-1031235]^ Serotonin and/or ADP released from platelet dense granules may be responsible for these findings. In a mouse model of asthma, deletion of the enzyme that synthesizes serotonin in peripheral tissues caused a significant reduction in asthmatic symptoms.^[@b26-1031235]^ Multiple studies in mouse models of asthma have targeted the ADP receptor P2Y~12~ with mostly favorable outcomes,^[@b27-1031235],[@b28-1031235]^ but there is evidence that the pro-inflammatory effects of platelets may be mediated by P2Y~1~ (another ADP receptor) and P2Y~14~ (a UDP-glucose receptor), and not P2Y~12~.^[@b29-1031235],[@b30-1031235]^

Given that platelets participate in highly distinct physiological responses (hemostasis and airway inflammation), we investigated whether exocytosis of dense granules, so crucial for hemostasis, is also important for the development of asthma. We manipulated the expression of Munc13-2 and -4 in platelets *in vivo*. While absence of Munc13-2 had no significant effect, absence or reduced levels of Munc13-4 altered platelet dense granule secretion directly and alpha granule exocytosis indirectly, impairing platelet aggregation and thrombus formation. By using platelet-specific knockout (KO) mice, we proved that Munc13-4 from platelets, and not from other tissues, is required for venous and arterial hemostasis, and for arterial thrombosis *in vivo*. Finally, we observed that Munc13-4-dependent platelet exocytosis is essential for the full development of allergic airway inflammation.

Methods
=======

A detailed description of the blood collection and platelet isolation, expression studies, secretion and activation assays, electron microscopy and stereology, aggregometry and flow-chamber assays, *in vivo* thrombosis model, and statistical analysis is provided in the *Online Supplementary Methods*.

Mice
----

Munc13-2 KO and Munc13-4 global and conditional KO mice have been described previously.^[@b31-1031235],[@b32-1031235]^ In short, we flanked exon 3 of the mouse Munc13-4 gene (*Unc13d*) with two loxP sites ("floxed" or F allele). Due to this genetic manipulation, mice homozygous for the F allele (Munc13-4^F/F^) had a reduced expression of Munc13-4 globally (i.e. Munc13-4^F/F^ mice are hypomorphs). Exon 3 contains the start codon of *Unc13d*, its sequence is present in all described splice variants of mouse Munc13-4, and its removal by Cre-mediated recombination eliminates Munc13-4 expression.^[@b32-1031235]^ We crossed Munc13-4^F/F^ mice with B6.C-Tg(CMV-cre)1Cgn/J mice (The Jackson Laboratory \#006054), which express Cre recombinase ubiquitously, to delete *Unc13d* in the germ line^[@b33-1031235]^ and generate our Munc13-4 global KO line (Munc13-4^−/−^). This line was propagated by heterozygote (Munc13-4^+/−^) crossings to generate Munc13-4^−/−^, Munc13-4^+/−^ and control Munc13-4^+/+^ littermates. We also generated megakaryocyte/platelet-specific KO mice (Munc13-4^Δ/Δ^) by crossing Munc13-4^F/F^ mice with C57BL/6-- Tg(Pf4--icre)Q3Rsko/J mice (Munc13-4^+/+^ Cre^+^; The Jackson Laboratory \#008535), which selectively express Cre recombinase in megakaryocytes. Munc13-4^+/+^ Cre^+^ mice were also used as additional controls.

All lines were on a C57BL/6J background, as confirmed by speed-congenics scanning for 105 SNPs. Mice of both sexes were used in all experiments. Mice were kept in a pathogen-free facility and handled in accordance with the Institutional Animal Care and Use Committees of the University of Texas MD Anderson Cancer Center and Baylor College of Medicine.

Bleeding time tests
-------------------

We used mice (20±2 weeks old) of the same weight (30±3 g) anesthetized with Avertin (tribromoethanol in *tert*-amyl alcohol) 0.4 mg/g intraperitoneally (i.p.). In the transection model, tails were cut 5 mm from the tip with a razor blade, and bleeding depended mainly on the tail artery. For the incision model, we created a device to make a reproducible transversal dorsal tail incision 0.8 mm in depth at a point where the tail has a diameter of 3.8 mm (*Online Supplementary Figure S1*), sectioning only the dorsal tail venous plexus. In both models, the tails were immediately immersed in 37°C saline and the time to cessation of bleeding was recorded. All animals were euthanized after bleeding stopped or at 20 minutes (min).

Asthma model
------------

Mice (9±1 weeks old) were sensitized i.p. on days 0 and 7 with 10 μg ovalbumin (OVA; grade V) adsorbed to 1 mg of aluminum potassium sulfate dodecahydrate (both from Sigma-Aldrich) in 100 μL of saline. They were challenged once a day on days 19-21 in a nebulization chamber with 1% OVA in PBS for 30 min using an Aerotech II jet nebulizer (Biodex) at 10 L/min. Then, they were studied on day 22. A detailed description of the airway mechanics assessment, airway mucin quantification, histology and BALs is provided in the *Online Supplementary Methods*.

Results
=======

Expression and targeting of Munc13 proteins in platelets
--------------------------------------------------------

By qPCR, we found that C57BL/6J platelets express Munc13-1, -2 and -4 ([Figure 1A](#f1-1031235){ref-type="fig"}). We had created Munc13-4 global and conditional KO lines,^[@b32-1031235]^ and we obtained Munc13-2 KO mice (Dr. Christian Rosenmund, Charité Universitaetsmedizin).^[@b31-1031235]^ We did not study Munc13-1 because its global deletion is perinatally lethal^[@b34-1031235]^ and a conditional KO line was not available. We confirmed lack of Munc13-2 and normal expression levels of Munc13-1 and -4 in Munc13-2^−/−^ platelets ([Figure 1B](#f1-1031235){ref-type="fig"}). Immunoblots of tissues and platelets from all Munc13-4 mutants confirmed the global reduction and absence of Munc13-4 expression in Munc13-4^+/−^ and Munc13-4^−/−^, respectively, and the specific deletion of Munc13-4 in platelets in Munc13-4^Δ/Δ^ mice ([Figure 1C](#f1-1031235){ref-type="fig"}). The decreased expression in Munc13-4^F/F^ mice to approximately 20% has been reported,^[@b32-1031235]^ and we used it to interrogate dose-response relationships between Munc13-4 expression (0, 20, 50, 100%) and the outcomes of our experiments.

![Munc13 expression and deletion. (A) RT-qPCR of all Munc13 proteins relative to β-actin in C57BL/6J platelets. N=3. (B) RT-qPCR from Munc13-2^−/−^ platelets. All values are relative to β-actin and Munc13 isoform levels in Munc13-2^+/+^ platelets (WT). N=3. Bar: mean; error bar: Standard Error of Mean. (C) Representative immunoblots of platelet and spleen lysates from all Munc13-4 mutant mice probed with anti-mouse Munc13-4 antibody. β-actin was used as loading control. Numbers below blots represent densitometry results relative to β-actin and Munc13-4^+/+^. ND: not detected.](1031235.fig1){#f1-1031235}

Munc13-4 regulates platelet dense granule exocytosis
----------------------------------------------------

To test how different Munc13 isoforms contribute to platelet granule secretion, we assessed exocytosis of each type of platelet granule. We measured the translocation of *P*-selectin (alpha granules) and LAMP-1 (lysosomal granules) to the plasma membrane, and the release of ATP (dense granules). To interrogate potential agonist-dependent differences, we activated platelets with collagen ([Figure 2](#f2-1031235){ref-type="fig"}) and thrombin ([Figure 3](#f3-1031235){ref-type="fig"}). Based on dose-response curves (*Online Supplementary Figure S2*), we chose a high and a low dose for each agonist. In agreement with previous reports, the concentration of collagen necessary to induce translocation of membrane-associated proteins (*P*-selectin and LAMP-1) was higher than that required to induce release of soluble mediators (ATP).^[@b35-1031235]^ There were no differences among all the wild-type (WT) controls from our Munc13-2, Munc13-4 and double KO (DKO) colonies, therefore we pooled them in a single control group (WT in [Figures 2](#f2-1031235){ref-type="fig"} and [3](#f3-1031235){ref-type="fig"}).

![Deletion of Munc13-4 impairs dense granule release in collagen-stimulated platelets. Samples from wild-type mice for Munc13-2 and -4 (WT), Munc13-4 +/−, −/−, F/F, Δ/Δ, Munc13-2 −/−, and Munc13-2 and 4 double KO (DKO) mice were stimulated with collagen. Representative tracings (A) and mean release of ATP (dense granules) (B) measured by luminometry in whole blood. N=5-14. Representative tracings (C and E) and mean fluorescence intensity over baseline (ΔMFI) (D and F) of *P*-selectin (alpha granules) (C and D) and LAMP-1 (lysosomal granules) (E and F) translocated to the surface of washed platelets measured by flow cytometry. N=8-16. Color legend in (A) applies to all panels. Bar: mean; error bar: Standard Error of Mean. ^\#^*P*\<0.05; ^†^*P*\<0.01; ^\*^*P*\<0.001; comparisons are with WT unless otherwise specified.](1031235.fig2){#f2-1031235}

![Deletion of Munc13-4 impairs dense and lysosomal granule release directly and alpha granule release indirectly in thrombin-stimulated platelets. Samples from wild-type mice for Munc-13-2 and -4 (WT), Munc13-4 +/−, −/−, F/F, Δ/Δ, Munc13-2 −/−, and Munc13-2 and -4 double knockout (DKO) mice were with thrombin (Thr) or thrombin and ADP (10 μM). Representative tracings (A) and mean release of ATP (dense granules) (B) measured by luminometry in whole blood. N=5-9. Representative tracings (C and E) and mean fluorescence intensity over baseline (ΔMFI) (D, F, H and I) of *P*-selectin (alpha granules) (C, D and H) and LAMP-1 (lysosomal granules) (E, F and I) translocated to the surface of washed platelets measured by flow cytometry. N=8-11 (C-F), N=3 (H and I). (G) Mean release of PF4 (alpha granules) measured by ELISA. N=3-9. Color legend in (A) applies to all panels. Bar: mean; error bar: Standard Error of Mean. ^\#^*P*\<0.05; ^†^*P*\<0.01; \**P*\<0.001; comparisons are with WT unless otherwise specified.](1031235.fig3){#f3-1031235}

We observed that dense granule exocytosis was completely abolished in platelets lacking Munc13-4 regardless of the agonist used ([Figures 2A and B](#f2-1031235){ref-type="fig"}, and [3A and B](#f3-1031235){ref-type="fig"}). With collagen, we documented a clear correlation between the level of expression of Munc13-4 (nil in Δ/Δ, −/− and DKO, approx. 20% in F/F, approx. 50% in +/−, and 100% in WT) and the secretion of ATP ([Figure 2B](#f2-1031235){ref-type="fig"}). Although we observed a significant decrease in *P*-selectin translocation only at the lower dose of thrombin ([Figures 2C and D](#f2-1031235){ref-type="fig"}, and [3C and D](#f3-1031235){ref-type="fig"}), we found a complete thrombin dependent defect in lysosomal granule exocytosis in platelets lacking Munc13-4 ([Figures 2E and F](#f2-1031235){ref-type="fig"}, and [3E and F](#f3-1031235){ref-type="fig"}). Munc13-2^−/−^ platelets showed no defects in any of these tests. To assess if the consequences of removing Munc13-2 would manifest only in the absence of Munc13-4, we tested platelets from DKO mice and did not observe any additional exocytic defects ([Figures 2](#f2-1031235){ref-type="fig"} and [3](#f3-1031235){ref-type="fig"}).

Given the secondary effect of Munc13-4 on alpha granule release,^[@b9-1031235],[@b10-1031235]^ we decided to further interrogate alpha granule exocytosis by measuring the release of platelet factor 4 (PF4). Interestingly, Munc13-4^−/−^ platelets had a significant reduction in PF4 release when stimulated with thrombin ([Figure 3G](#f3-1031235){ref-type="fig"}). To test if the defects observed in alpha and lysosomal granule exocytosis could be indirectly caused by an impaired release of ADP from dense granules, we added exogenous ADP to stimulated platelets and showed that it was capable of rescuing PF4 release ([Figure 3G](#f3-1031235){ref-type="fig"}) and *P*-selectin translocation ([Figure 3H](#f3-1031235){ref-type="fig"}), but not LAMP-1 translocation ([Figure 3I](#f3-1031235){ref-type="fig"}). Once again, Munc13-2^−/−^ platelets had no exocytic defect and DKO platelets failed to show any additional phenotype ([Figure 3G](#f3-1031235){ref-type="fig"}); we therefore decided to drop these two lines from subsequent experiments.

Platelet granule biogenesis and platelet activation are Munc13-4-independent
----------------------------------------------------------------------------

The exocytic defects observed in platelets lacking Munc13-4 could be due to defective platelet granule biogenesis. Therefore, we analyzed resting platelets by electron microscopy (EM) ([Figure 4A](#f4-1031235){ref-type="fig"}). Stereological analysis of platelet profiles before stimulation revealed no difference in the volume densities (Vv) of alpha or dense granules among all genotypes ([Figure 4B and C](#f4-1031235){ref-type="fig"}). EM also provided an additional method to assess platelet exocytosis. After stimulation, Vv of alpha and dense granules in Munc13-4^+/+^ platelets decreased due to loss of granules through exocytosis. However, Munc13-4-deficient (Munc13-4^−/−^ and Munc13-4^Δ/Δ^) platelets lost no dense granules ([Figure 4C](#f4-1031235){ref-type="fig"}) and only a fraction of alpha granules ([Figure 4B](#f4-1031235){ref-type="fig"}). Munc13-4^F/F^ platelets showed an intermediate phenotype. To rule out the possibility that lack of Munc13-4 might interfere with inside-out platelet activation, we measured integrin α~IIb~β~3~ activation, and found no differences ([Figure 4D](#f4-1031235){ref-type="fig"}).

![Deletion of Munc13-4 impairs dense granule release. Washed platelets from Munc13-4 mutant mice were activated with thrombin 0.1 U/mL. (A) Representative electron microscopy (EM) cell profiles. Red arrows: dense granules. Scale bar: 1 μm. Mean volume density (Vv) of alpha granules (AG) (B) and dense granules (DG) (C) obtained by stereology. (D) Mean fluorescence intensity over baseline (ΔMFI) of Jon/A antibody binding to activated integrin α~IIb~β~3~ on stimulated washed platelets. N=5. Color legend in (B) applies to all panels. Bar: mean; error bar: Standard Error of Mean. ^\#^*P*\<0.05; ^†^*P*\<0.01; \**P*\<0.001; comparisons are with Munc13-4^+/+^ unless otherwise specified.](1031235.fig4){#f4-1031235}

Munc13-4-regulates platelet aggregation and thrombus stability
--------------------------------------------------------------

To determine how the observed exocytic defects affect platelet function, we first studied platelet aggregation. When using a low concentration of collagen, platelets not expressing Munc13-4 did not undergo shape change (as evidenced by the flat aggregometry recordings) and were unable to form aggregates ([Figure 5A and B](#f5-1031235){ref-type="fig"}). While hypomorphic Munc13-4^F/F^ platelets underwent some shape change, they were still unable to form aggregates. Platelets from all genotypes underwent shape change and formed aggregates at similar levels when using a high dose of collagen ([Figure 5A and B](#f5-1031235){ref-type="fig"}).

![Deletion of Munc13-4 impedes platelet aggregation and interferes with thrombus formation *in vitro*. Samples from Munc13-4 mutant mice were stimulated with collagen. Representative tracings of platelet aggregation (A) and average maximum aggregation measured by light transmittance (B) on platelet-rich plasma. N=3-6. Whole blood was fluorescently-labeled and perfused over collagen-coated plates at low (C) or high (D) sheer stress. Thrombus buildup was monitored by fluorescence intensity and compared at 200 seconds (s). N=5-10. Color legend in (A) applies to all panels. Bar or circle: mean; error bar: Standard Error of Mean. ^\#^*P*\<0.05; ^†^*P*\<0.01; \**P*\<0.001; comparisons are with Munc13-4^+/+^ unless otherwise specified.](1031235.fig5){#f5-1031235}

We then assessed platelet thrombus formation under shear stress in a collagen-coated flow chamber and documented a severe defect in Munc13-4-deficient platelets ([Figure 5C](#f5-1031235){ref-type="fig"}). The severity of this defect increased at a higher shear stress ([Figure 5D](#f5-1031235){ref-type="fig"}), which suggests that platelets lacking Munc13-4 are unable to form stable thrombi. At high shear, platelets with approximately 50% expression of Munc13-4 (Munc13-4^+/−^) behaved normally, but those with approximately 20% expression (Munc13-4^F/F^) showed an intermediate defect.

In all our *in vitro* studies ([Figures 2](#f2-1031235){ref-type="fig"}--[5](#f5-1031235){ref-type="fig"}) platelets from Munc13-4^Δ/Δ^ mice behaved almost identically to those from Munc13-4^−/−^ mice, eliminating inefficient Cre recombination as an explanation for the findings in the following *in vivo* studies.

Lack of Munc13-4 disrupts hemostasis and thrombosis
---------------------------------------------------

We used two tail-bleeding tests to study hemostasis. In the classical transection model, Munc13-4 deletant mice were unable to stop bleeding and were euthanized after 20 min ([Figure 6A](#f6-1031235){ref-type="fig"}). Furthermore, the hypomorphic Munc13-4^F/F^ mice displayed an identical bleeding diathesis. Because we did not observe a defect in thrombus formation *ex vivo* at low shear stress, we hypothesized that the Munc13-4^F/F^ mice would stop bleeding if we avoided sectioning the tail ventral artery and induced only venous bleeding. With this in mind, we developed a device to make a reproducible incision on the tail dorsal venous plexus only (*Online Supplementary Figure S1*). Munc13-4^−/−^ and Munc13-4^Δ/Δ^ mice still showed prolonged bleeding, but Munc13-4^F/F^ mice behaved similarly to their WT counterparts ([Figure 6B](#f6-1031235){ref-type="fig"}). This phenotype was not due to an abnormal number of platelets in the mutant mice ([Table 1](#t1-1031235){ref-type="table"}).

![Deletion of Munc13-4 disrupts hemostasis and thrombus formation *in vivo*. Arterial (A) or venous (B) bleeding was measured in tails from Munc13-4 mutant mice. N=8-10. (C) Time to carotid flow occlusion after applying FeCl~3~ for 3 minutes (min). N=6-9. Circle: individual mouse; horizontal line or bar: mean; error bar: Standard Error of Mean. ^†^*P*\<0.01; \**P*\<0.001; comparisons are with Munc13-4^+/+^ unless otherwise specified.](1031235.fig6){#f6-1031235}

###### 

Blood cell counts from Munc13-4 mutant mice.

![](1031235.tab1)

Finally, we assessed thrombosis *in vivo* with the FeCl~3~ model of carotid thrombosis. In accordance with our *in vitro* results, we did not observe vessel occlusion in Munc13-4^Δ/Δ^ mice, while WT arteries occluded in less than 5 min, and hypomorphic Munc13-4^F/F^ mice presented an intermediate phenotype ([Figure 6C](#f6-1031235){ref-type="fig"}). The proportion of vessels occluded at 30 min was 100% for Munc13-4^+/+^ mice, 50% for Munc13-4^F/F^ mice and 0% for Munc13-4^Δ/Δ^ mice.

Platelets contribute to allergic airway inflammation in a Munc13-4-dependent manner
-----------------------------------------------------------------------------------

We observed that Munc13-4^−/−^ mice were partially protected from developing AHR in a model of asthma. While looking for the cell responsible, we found that megakaryocyte/platelet-specific Munc13-4 KO mice presented a similar phenotype. We then studied our Munc13-4 mutant mice under an OVA-dependent acute model of allergic asthma. As expected, all OVA-exposed animals had an elevated baseline Rrs (total respiratory system resistance) compared to the naïve controls (*data not shown*), and these baseline values were used to normalize the dose-response curves ([Figure 7A](#f7-1031235){ref-type="fig"}). Given that the results in mice expressing Cre recombinase in their platelets (Munc13-4^+/+^ Cre^+^ mice) were indistinguishable from those of Munc13-4^+/+^ mice, we concluded that this effect was not a Cre-induced artifact. We found that, although there was no difference between Munc13-4^+/+^ and Munc13-4^F/F^ mice, Munc13-4^Δ/Δ^ mice completely mimicked the blunted AHR observed in Munc13-4^−/−^ mice ([Figure 7A and B](#f7-1031235){ref-type="fig"}). Analysis of methacholine PC1000 *(data not shown)* confirmed the same differences.

![Platelet-specific deletion of Munc13-4 reduces excessive airway constriction to non-specific stimuli (AHR) and lung eosinophilia in a model of asthma. Shown are results from Munc13-4 mutant mice one day after the last airway challenge of an acute allergic airway inflammation model. Naïve: sensitized but not challenged mice. (A) Total respiratory system resistance (Rrs) at increasing doses of nebulized methacholine (Mch). Circle: mean; error bar: Standard Error of Mean. (B) Rrs at the highest dose of Mch. N: number inside boxes. (C) Representative airway sections stained with PAFS (mucin in red). Scale bar: 20 μm. (D) Mucin volume density at the left lobar bronchus. N=9. (E) Representative lung sections (hematoxylin & eosin) and identification of eosinophils in tissues (insets). Scale bars=20 μm. (F) Eosinophil counts in bronchoalveolar lavage (BAL) fluid. N=9. Color legend in (A) applies to all panels. White line: mean; box: 25^th^--75^th^ percentile; whiskers: 5^th^-95^th^ percentile. ^\#^*P*\<0.05; †*P*\<0.01; \**P*\<0.001; comparisons are with sensitized and challenged Munc13-4^+/+^ unless otherwise specified.](1031235.fig7){#f7-1031235}

The protection observed in Munc13-4^−/−^ and Munc13-4^Δ/Δ^ mice was not related to changes in airway mucous metaplasia, as we observed no significant differences of intracellular epithelial mucin content in periodic acid-fluorescent Schiff (PAFS)-stained sections ([Figure 7C and D](#f7-1031235){ref-type="fig"}). However, there was a significant decrease in eosinophilic inflammation, which was also independent of Cre expression. Qualitatively, Munc13-4^Δ/Δ^ and Munc13-4^−/−^ mice had reduced histological evidence of tissue eosinophilia ([Figure 7E](#f7-1031235){ref-type="fig"}), and quantitatively, a decreased number of eosinophils in BAL fluid ([Figure 7F](#f7-1031235){ref-type="fig"}).

Discussion
==========

Platelet exocytosis
-------------------

Exocytosis occurs constitutively in all eukaryotic cells, but some cell types possess a parallel regulated process to release pre-made mediators upon stimulation in a spatiotemporally-controlled manner. All known forms of regulated exocytosis require a Munc13 protein.^[@b31-1031235],[@b34-1031235]^ Platelets and mast cells rely on regulated exocytosis as their main effector mechanism, and both express Munc13-2 and -4. Like in mast cells, we found that Munc13-4 plays an important role in granule release, but in contrast to mast cells we documented no role for Munc13-2 in platelet exocytosis ([Figures 2](#f2-1031235){ref-type="fig"} and [3](#f3-1031235){ref-type="fig"}). An alternative explanation is that a minor role for Munc13-2 could not be resolved by our methods, which cannot yield the high resolution attained by single-cell membrane capacitance recordings in mast cells.^[@b32-1031235]^

Previous studies, as well as our current findings in secretion assays and morphometry ([Figures 2](#f2-1031235){ref-type="fig"}--[4](#f4-1031235){ref-type="fig"}), indicate that Munc13-4 regulates exocytosis of platelet dense granules directly.^[@b8-1031235],[@b9-1031235]^ No ATP release could be detected after Munc13-4 was deleted, and platelets with decreased expression of Munc13-4 released proportionally less ATP than their WT counterparts regardless of the agonist used. By studying the relationship between Munc13-4 expression levels (0, 20, 50, 100%) and dense granule release ([Figures 2](#f2-1031235){ref-type="fig"} and [3](#f3-1031235){ref-type="fig"}), we have shown that Munc13-4 is an agonist-independent, rate-limiting factor in dense granule exocytosis. Interestingly, it has been proposed that, besides its known role in priming, Munc13-4 participates in dense granule tethering and conveys Ca^2+^ sensitivity to platelet exocytosis.^[@b7-1031235]^ We found no involvement of Munc13-4 in alpha or lysosomal granule exocytosis when we used collagen as agonist. With thrombin, we detected a partial exocytic defect in both types of granules, but only alpha granule release could be rescued by exogenous ADP. This confirms that deletion of Munc13-4 indirectly impairs alpha granule exocytosis,^[@b10-1031235]^ but that the alpha granule exocytic machinery is intact.

There is evidence that the release of the three types of granules from platelets is differentially regulated,^[@b2-1031235]^ and it is possible that each requires different exocytic components. While in mast cells the residual exocytosis observed after removing Munc13-4 was mediated by Munc13-2,^[@b32-1031235]^ the priming component that mediates alpha granule exocytosis in platelets remains unknown. Though generally thought of as a neuronal protein, Munc13-1 has been shown to regulate exocytosis in cytotoxic T lymphocytes,^[@b36-1031235]^ and it could be involved in platelet alpha granule release. In contrast to Munc13-4, Munc13-1 contains a regulatory diacylglycerol (DAG)-binding C1 domain.^[@b37-1031235]^ Collagen stimulation of platelets causes more sustained DAG formation than thrombin.^[@b38-1031235]^ It is possible that Munc13-1 plays a compensatory role in lysosomal granule release, which would explain why we only observed a thrombin-dependent defect in the absence of Munc13-4.

Hemostasis and thrombosis
-------------------------

Munc13-4 global KO mice have a severe hemostatic defect, and the hypothesis is that this is due to impaired ADP release from platelets.^[@b11-1031235],[@b13-1031235]^ This cannot be tested with a regular global KO mouse given that Munc13-4 is expressed in other tissues relevant to hemostasis (e.g. endothelium).^[@b14-1031235]^ Our finding that the bleeding diathesis is identical in global and conditional KO mice ([Figure 6](#f6-1031235){ref-type="fig"}) supports the notion that this Munc13-4-dependent phenome non relies exclusively on platelets. ADP secreted by platelets, acting *via* P2Y~1~ and P2Y~12~ receptors on the platelet surface, is known to amplify the primary response provided by collagen or thrombin, and to participate in platelet aggregation, thromboxane A2 generation, and thrombus formation under shear stress.^[@b39-1031235]^

The release of platelet nucleotides has been found to be critical for *in vitro* aggregation at lower doses of agonist.^[@b9-1031235]^ We have shown that platelets unable to release nucleotides (Munc13-4-deficient) fail to aggregate at a low dose of collagen, and that this defect causes the formation of unstable thrombi ([Figure 5](#f5-1031235){ref-type="fig"}), which results in disruption of hemostasis and thrombosis ([Figure 6](#f6-1031235){ref-type="fig"}). It has been proposed that platelets forming a thrombus can be grouped into two populations: a "core" of contact-dependent highly activated platelets and a "shell" of less activated ADP- dependent platelets.^[@b40-1031235]^ Therefore, partial defects in ADP release would be expected to translate into thrombi that weaken and break as shear stress increases, and this is exactly what we observed in a perfusion chamber in hypomorphic Munc13-4^F/F^ platelets ([Figure 5](#f5-1031235){ref-type="fig"}). Moreover, we obtained a strong hemostatic defect in Munc13-4^F/F^ mice when we transected the tail artery, but no prolonged bleeding time when we sectioned only the tail dorsal vein ([Figure 6](#f6-1031235){ref-type="fig"}). Taken together, these results show that by controlling platelet dense granule release, Munc13-4-dependent exocytosis is a limiting factor for platelet aggregation, thrombus stabilization and hemostasis.

Allergic airway inflammation
----------------------------

Asthma is a chronic airway disease characterized by excessive airway constriction to non-specific stimuli (also known as AHR), airway eosinophilic inflammation, and epithelial mucous metaplasia.^[@b41-1031235]^ Although hyperproduction of mucins and secretion of mucus by airway epithelial cells have been shown to be a component of AHR,^[@b42-1031235]^ we found that platelet exocytosis mediated by Munc13-4 did not influence airway mucous metaplasia. Instead, the decrease in AHR in animals with platelets deficient in Munc13-4 correlated with a reduction in the number of eosinophils recruited to the airways ([Figure 6](#f6-1031235){ref-type="fig"}).

Platelets store in their alpha and dense granules many mediators and membrane-bound proteins linked to allergic airway inflammation. Platelet *P*-selectin mediates the recruitment of eosinophils and lymphocytes into the airways of mice subjected to a model of asthma,^[@b43-1031235]^ and recent evidence suggests a similar function in humans.^[@b44-1031235],[@b45-1031235]^ Additionally, exocytosis of alpha granule contents may influence inflammation through many chemokines; for example, PF4 can induce AHR in rats.^[@b46-1031235]^

Platelets actively take up serotonin from plasma and concentrate it in their dense granules, becoming the main source of serotonin outside the central nervous system.^[@b47-1031235]^ Serotonin modulates adhesion, migration, and cytokine and chemokine production in inflammatory cells and lung epithelial cells.^[@b48-1031235]^ Serotonin also induces bronchoconstriction, and mice unable to synthesize serotonin in peripheral tissues had a marked decrease in platelet serotonin and AHR.^[@b26-1031235]^ ADP can induce changes on the endothelium that result in leukocyte transendothelial migration *via* the P2Y~1~ and P2Y~2~ receptors,^[@b49-1031235],[@b50-1031235]^ and global deletion of the ADP receptor P2Y~12~ in mice has been shown to partially protect from asthma.^[@b27-1031235]^ Even though treatment with the P2Y~12~ inhibitor clopidogrel had contradictory outcomes in mouse models of asthma,^[@b27-1031235]--[@b29-1031235]^ it is currently being tested in asthmatic patients (*[clinicaltrials.gov](http://clinicaltrials.gov) identifier: 01955512*). On the other hand, the PRINA trial failed to show a significant decrease in mannitol-induced AHR in patients with asthma treated with prasugrel.^[@b51-1031235]^ The mechanism of action of anti-P2Y~12~ thienopyridines in allergic inflammation needs to be clarified, because it may be acting on eosinophils and not necessarily on platelets.^[@b28-1031235]^ Other molecules present in dense granules such as ATP,^[@b52-1031235]^ glutamate^[@b53-1031235]^ and polyphosphates^[@b54-1031235]^ can influence different steps of the allergic inflammatory response. Therefore, the lack of Munc13-4 in platelets could significantly affect the development of asthma by directly impeding dense granule exocytosis and indirectly hindering alpha granule release.

Up until now all the evidence supporting a role for platelets in asthma has come from *in vitro* studies,^[@b55-1031235]^ *in vivo* experimentation on platelet-depleted animals^[@b24-1031235],[@b25-1031235],[@b56-1031235]^ or global KO mice,^[@b23-1031235],[@b26-1031235],[@b27-1031235],[@b43-1031235]^ and from pharmacological studies that targeted receptors expressed in multiple cell types.^[@b28-1031235]--[@b30-1031235]^ Here we show in mice with normal numbers of circulating platelets that selective deletion of Munc13-4 in platelets results in reduced AHR and lung eosinophilia, most likely because of impaired dense granule release.

It has been proposed that platelet activation could lead to either a hemostatic or an inflammatory response independently of each other.^[@b18-1031235]^ A recent publication suggests that low concentrations of collagen are capable of inducing platelet secretion of soluble factors, without causing aggregation or any of the other characteristic features of platelet activation.^[@b35-1031235]^ Studies on mouse models of allergic and bacterial airway inflammation suggest that platelet P2Y~12~ participates mostly in hemostasis, P2Y~14~ in inflammation, and P2Y~1~ in both.^[@b29-1031235],[@b30-1031235]^ The ligand of P2Y~1~ (ADP) is stored in platelet dense granules, but it is unclear whether the ligand for P2Y~14~ (UDP-glucose) comes from platelets^[@b57-1031235]^ or from other cells.^[@b58-1031235]^ Hence, the defect in dense granule exocytosis we noted in platelets lacking Munc13-4 could result in failure to activate P2Y~1~, P2Y~12~ and perhaps P2Y~14~. The simultaneous failure to activate all these receptors could explain why our mutant animals have both abnormal hemostasis and decreased allergic airway inflammation.
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